Introduction {#s1}
============

Hyperglycemia caused by insufficient insulin action characterizes type 2 diabetes (T2D). Insulin resistance and defective insulin secretion are the two major pathogenic factors of the disease, and both are strongly associated with lifestyle and genetic components ([@B1],[@B2]). Obesity is one of the strong risk factors for the development of T2D. In obesity, lipid accumulation is common not only in adipose tissue but also in ectopic tissues such as the liver and skeletal muscle. The intracellular lipid accumulation in ectopic tissues leads to impaired insulin signaling and promotes systemic insulin resistance ([@B3]). However, not all obese individuals develop T2D because pancreatic β-cells can adjust, to a certain extent, for an increasing demand of insulin. Pancreatic β-cell dysfunction is central in the failure to adjust for the increased insulin resistance. Indeed, reduced first-phase insulin response can, at least in some individuals, be observed already before the development of T2D ([@B4]). These findings suggest that those who cannot adapt to the extra demand by increased insulin secretion are prone to T2D.

Like insulin target tissues, the insulin-producing β-cells have been shown to be damaged by excessive lipid accumulation, a concept known as β-cell lipotoxicity ([@B5]). In this condition, accumulated lipids, specifically triacylglycerol, cause cellular stress, dysfunction, and death of the β-cell. In fact, increased accumulation of lipid droplets is observed with increased BMI in human β-cells ([@B6]). A number of in vitro studies have identified mechanisms involved in impaired insulin secretion by chronic fatty acid (FA) elevation ([@B7],[@B8]), including those affecting exocytosis ([@B9]). Moreover, insulin signaling in β-cells is essential not only for growth but also for proper regulation of the cellular function ([@B10]--[@B12]). Hence, together these findings indicate that insulin resistance and defective insulin secretion are likely to share common etiologies in terms of lipid accumulation. Both endogenous FA synthesis and FA uptake are considered causally important for increased lipid accumulation in β-cells ([@B13],[@B14]).

We show in this study that, among human donors with obesity, insulin secretion capacity of pancreatic islets and β-cell exocytosis were significantly lower in donors with T2D than in non-T2D (ND). We compared expression levels of the FA transporters in their islets to address the role of facilitated FA uptake for the defective insulin secretion. We further explored in detail the signaling pathway involved in CD36-modulated insulin secretion in β-cells using INS-1 cells carrying a Tet-on system for CD36 overexpression. Finally, we tested the therapeutic potential of a CD36-neutralizing antibody to improve β-cell function in human EndoC-βH1 cells.

Research Design and Methods {#s2}
===========================

Cell Line and Culture {#s3}
---------------------

INS-1 cells carrying the Tet-on system for CD36 overexpression ([@B15]) were cultured with RPMI 1640 medium containing 11.1 mmol/L glucose, 10% FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin, 50 mg/mL neomycin, 50 mg/mL hygromycin, 10 mmol/L HEPES, 1 mmol/L sodium pyruvate, and 50 μmol/L β-mercaptoethanol at 37°C in a humidified atmosphere with 5% CO~2~. To induce CD36 expression, cells were seeded in 24- or 48-well plates and cultured with or without 500 ng/mL doxycycline (Sigma-Aldrich, St. Louis, MO) for 72 h.

EndoC-βH1 cells ([@B16]) were cultured in Matrigel/fibronectin-coated (100 μg/mL and 2 μg/mL, respectively) (Sigma-Aldrich) vessels with DMEM containing 5.6 mmol/L glucose, 2% BSA, 10 mmol/L nicotinamide, 50 μmol/L β-mercaptoethanol, 5.5 μg/mL transferrin, 6.7 ng/mL sodium selenite, 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere with 5% CO~2~. Cells were seeded in Matrigel/fibronectin-coated 48-well plates and cultured for 72 h with 2 μg/mL of a CD36-blocking antibody (FA6.125, catalog number 60084; STEMCELL Technologies, Vancouver, British Columbia, Canada) or an isotype control (MOPC-21, catalog number ab18443; Abcam, Cambridge, U.K.).

Human Pancreatic Islets {#s4}
-----------------------

Human pancreatic islets were obtained from cadaver donors of European ancestry by the Nordic Network for Clinical Islet Transplantation. The islets were processed as previously described ([@B17]) and handpicked under stereomicroscope before use. To dissociate into single cells, the islets were incubated with 3 mmol/L EGTA in Hanks' balanced salt solution containing 0.25% BSA for 15 min at 37°C followed by gentle pipetting. Donor characteristics for each experiment are shown in [Supplementary Table 1](https://doi.org/10.2337/db20-4567/suppl.11965530). All procedures using human islets were approved by the ethical committees in Uppsala and Malmö/Lund, Sweden.

Human Islet RNA-Sequencing Data Analysis {#s5}
----------------------------------------

Islet RNA-sequencing (RNA-seq) data were retrieved from the Gene Expression Omnibus with accession numbers GSE50398 and GSE108072 from the studies of Fadista et al. ([@B18]) and Gandasi et al. ([@B19]), respectively. The expression values are expressed as log2 counts per million after normalization and transformation using voom. Expression levels of selected genes were retrieved from 68 normal-body-weight (BMI \<25 kg/m^2^) and 31 obese (BMI ≥30 kg/m^2^) donors.

Insulin Secretion Assay {#s6}
-----------------------

For CD36 INS-1 cells, after being washed twice with 1 mL prewarmed secretion assay buffer (SAB) (1.16 mmol/L MgSO~4~, 4.7 mmol/L KCl, 1.2 mmol/L KH~2~PO~4~, 114 mmol/L NaCl, 2.5 mmol/L CaCl~2~, 25.5 mmol/L NaHCO~3~, 20 mmol/L HEPES, and 0.2% BSA, pH 7.2) with 2.8 mmol/L glucose, cells were preincubated in 0.5 mL SAB with 2.8 mmol/L glucose for 1 h. The cells were then stimulated for 1 h in 0.25 mL SAB with 2.8 mmol/L glucose or 16.7 mmol/L glucose or for 15 min in 0.25 mL SAB with 2.8 mmol/L glucose and 50 mmol/L KCl at 37°C. Secreted insulin levels were measured using Rat Insulin ELISA (Mercodia, Uppsala, Sweden), and the values were normalized to the protein content. Protein was extracted with 100 μL RIPA buffer (0.1% SDS, 150 nmol/L NaCl, 1% Triton X-100, and 50 mmol/L Tris-HCl, pH 8.0), and the content was analyzed using a BCA Protein Assay Kit (Thermo Fisher Scientific).

For EndoC-βH1 cells, culture medium was changed to a medium containing 2.8 mmol/L glucose and further incubated for 18 h before the secretion assay. After two washes with 1 mL SAB containing 1 mmol/L glucose, cells were preincubated in 0.5 mL SAB with 1 mmol/L glucose for 2 h. The cells were then stimulated for 15 min with 0.25 mL SAB with 1 mmol/L glucose or 20 mmol/L glucose at 37°C. Secreted insulin levels were measured using Human Insulin ELISA (Mercodia), and the values were normalized to the protein content. Protein content was measured as above.

For human islets, glucose-stimulated insulin secretion was examined using a dynamic glucose perifusion system to calculate the stimulation index as a quality control ([@B20]). To evaluate membrane depolarization-induced insulin secretion, batches of 12 islets were preincubated for 30 min in Krebs-Ringer bicarbonate buffer, pH 7.4, supplemented with 20 mmol/L HEPES, 0.1% BSA, and 1 mmol/L glucose and then stimulated for 1 h in Krebs-Ringer bicarbonate buffer with 70 mmol/L KCl and 1 mmol/L glucose.

Insulin-Stimulation Assay {#s7}
-------------------------

Insulin-stimulation assay was performed on the confluent cells after 72 h of seeding. After washing with prewarmed PBS twice, the cells were preconditioned with the FBS-free culture medium containing 1 mmol/L glucose for 6 h to diminish an autocrine effect of insulin on the signaling pathway. The cells were then stimulated for 10 min in the conditioning medium without (0) or with 1 or 10 nmol/L human insulin (Actrapid Penfill; Novo Nordisk, Bagsværd, Denmark). After discarding the medium, the cells were frozen immediately in liquid nitrogen and lysed with one-time loading buffer, followed by sonication. The cell lysates were stored at −80°C until Western blot analysis.

Subcellular Fractionation {#s8}
-------------------------

Subcellular fractionation of CD36 INS-1 cells was performed using a Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Fisher Scientific). Purity of each fraction was verified by Western blot analysis.

Western Blot Analysis {#s9}
---------------------

Protein samples (7.5--10 μg protein/sample) were applied to SDS-PAGE using 4--15% TGX Stain-Free gels (Bio-Rad Laboratories, Hercules, CA). The gels were then activated with ultraviolet light for 1 min to visualize total protein on the blotted low-fluorescence polyvinylidene difluoride membrane using the Stain-Free technology (Bio-Rad Laboratories). Blotting was performed using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The membrane blocking and incubation with primary antibodies were performed with 5% skim milk in Tris-buffered saline with Tween, except for phosphorylated proteins with 3% BSA in Tris-buffered saline with Tween. Primary antibodies and their dilutors are provided in [Supplementary Table 2](https://doi.org/10.2337/db20-4567/suppl.11965530). Incubation with the primary antibodies was performed overnight at 4°C. Horseradish peroxidase--conjugated anti-rabbit (catalog number 170--6515; 1:2,000; Bio-Rad Laboratories), anti-mouse (catalog number P0447, 1:2,000; Agilent Technologies, Santa Clara, CA), and anti-goat (catalog number ab6741; 1:1,000; Abcam) Igs were used as secondary antibodies. Incubation with the secondary antibodies was performed for 1 h at room temperature. Clarity Western ECL Substrate (Abcam) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) was used for visualization of proteins with a ChemiDoc XRS+ System (Bio-Rad Laboratories). The signal intensity of each protein band was measured using Image Lab Software (version 5.2.1; Bio-Rad Laboratories) and normalized to that of the total protein bands in the lane, except for the phosphorylated protein band, which was normalized to the corresponding total protein band.

Electrophysiology {#s10}
-----------------

Whole-cell patch-clamp experiments were conducted on single human β-cells (cell capacitance \>9 pF) or CD36 INS-1 cells as described previously ([@B21]). The recordings were performed using an EPC 10 patch-clamp amplifier with Patchmaster software (ver. 2--73; HEKA Elektronik, Lambrecht, Germany). Exocytosis was evoked by a train of 10 500-ms depolarizations from −70 to 0 mV applied at 1 Hz. Voltage-dependent currents were investigated using a current-voltage protocol in which the membrane was depolarized from −70 mV to voltages between −40 and +40 mV during 50 ms. The sustained current (I), measured during the latter 20 ms of the depolarizations, was considered as Ca^2+^ current.

Immunocytochemistry {#s11}
-------------------

Dissociated islet cells or CD36 INS-1 cells were fixed and stained as described elsewhere ([@B22]). Primary antibodies for CD36 (JC63.1, catalog number ab23680, 1:200; Abcam), insulin (catalog number 03--16049; 1:400; American Research Products, Inc., Waltham, MA), Na^+^K^+^ ATPase (catalog number ab76020; 1:200; Abcam), and FoxO1 (catalog number 2880; 1:200; Cell Signaling Technology) diluted in blocking buffer were treated for 2 h. After washing twice with PBS, the cells were exposed to fluorescent-labeled corresponding secondary antibodies (1:400) for 1 h, followed by postfixation with 3% paraformaldehyde in PBS. Immunofluorescence was observed with a confocal microscope (Meta 510 or LSM 880; Carl Zeiss, Oberkochen, Germany). Nuclear localization of FoxO1 was evaluated by the nuclear fluorescence intensity normalized to the whole-cell intensity. The nuclear region was defined by DAPI staining. The fluorescence intensity was analyzed with ZEN software (Carl Zeiss).

Flow Cytometry {#s12}
--------------

Dissociated islet cells were stained with allophycocyanin (APC)--conjugated anti-CD36 (catalog number 562744; BD Biosciences) for 30 min in PBS with 0.5% BSA and 0.05% sodium azide. The cells were then fixed with 3.7% paraformaldehyde in PBS for 20 min and further stained intracellularly with Alexa Fluor 488--conjugated anti-insulin (catalog number IC1417A; R&D Systems) and phycoerythrin-conjugated anti-glucagon (catalog number 565860; BD Biosciences) for 30 min in 0.1% saponin in PBS with 0.5% BSA and 0.05% sodium azide. After the cells were postfixed with 1% paraformaldehyde, flow cytometric analysis was performed using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA) with CytExpert software (version 2.0; Beckman Coulter).

RNA Extraction, RT-PCR, and Quantitative PCR {#s13}
--------------------------------------------

Total RNA from CD36 INS-1 cells was extracted, and cDNA was generated as described ([@B23]). Quantitative PCR was performed in 384-well plates on a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific) using TaqMan Gene Expression Assays with Universal PCR Master Mix (Thermo Fisher Scientific). Rat *Hprt1* (assay identification number: Rn01527840_m1; Applied Biosystems) and *Ppia* (assay identification number: Rn00690933_m1) were used for normalization. Relative expression was calculated using the ΔΔ threshold cycle method.

Transmission Electron Microscopy {#s14}
--------------------------------

CD36 INS-1 and EndoC-βH1 cells were prepared for electron microscopy, examined, and analyzed as previously described ([@B24]). Granules (large dense-core vesicles) were defined as docked when the center of the granule was located within 100 nm and 120 nm from the plasma membrane for CD36 INS-1 and EndoC-βH1, respectively. The distance between the center of the granule and the plasma membrane was calculated using an in-house software programmed in MATLAB 7 (The MathWorks, Inc., Natick, MA).

Statistical Analysis {#s15}
--------------------

Data are presented as mean ± SE. The differences between two groups were analyzed by Student *t* test with two-tailed analysis. All statistical analyses were performed using Prism (version 7.0; GraphPad Software, San Diego, CA).

Data and Resource Availability {#s16}
------------------------------

The data sets generated and/or analyzed during the current study are available from the corresponding authors on reasonable request. The CD36-overexpressing INS-1 cell line may be available from Prof. Anneli Björklund (Karolinska Institute, Stockholm, Sweden) upon reasonable request and with permission of the founder, C.B.W.

Results {#s17}
=======

Reduced Islet Insulin Secretion and β-Cell Exocytosis in Donors With T2D and Obesity {#s18}
------------------------------------------------------------------------------------

We investigated insulin secretion capacity of pancreatic islets in donors with T2D and ND with normal body weight (BMI \<25 kg/m^2^) or obesity (BMI ≥30 kg/m^2^). Islets of donors with T2D in both BMI categories showed reduced glucose-stimulated insulin secretion as compared with those of ND ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). Basal insulin secretion was decreased only in islets of donors with T2D with normal body weight ([Fig. 1*A*](#F1){ref-type="fig"}). Accordingly, decreased insulin-stimulation index in islets of T2D was confirmed only among donors with obesity ([Supplementary Fig. 1](https://doi.org/10.2337/db20-4567/suppl.11965530)). Static incubation with K^+^ also revealed significantly decreased insulin secretion in islets of T2D as compared with ND among donors with obesity, albeit a similar basal insulin secretion ([Fig. 1*C* and *D*](#F1){ref-type="fig"}), suggesting defects downstream of the ATP-dependent K^+^ channel. Indeed, capacitance recordings on single β-cells evoked by a train of 10 500-ms depolarizations from −70 to 0 mV demonstrated reduced Ca^2+^-dependent exocytosis in β-cells of obese donors with T2D as compared with those of obese donors with ND ([Fig. 1*E*](#F1){ref-type="fig"}).

![Characteristics of pancreatic islets from donors with ND and T2D with normal body weight and with obesity. *A* and *B*: Insulin-release curves in response to dynamic glucose perfusion. Islets from donors with ND (blue) and T2D (red) with normal body weight (*A*) (ND, *n* = 38 donors; T2D, *n* = 14 donors) and with obesity (*B*) (ND, *n* = 11 donors; T2D, *n* = 12 donors) were subjected to dynamic perifusion at low (1.67 mmol/L) and high glucose (20 mmol/L) solutions. High glucose was added from 48 to 90 min, whereas other fractions were exposed to low glucose (1.67 mmol/L). Insulin secretion in static incubation at 1 mmol/L glucose (*C*) and 1 mmol/L glucose with 70 mmol/L K^+^ for 1 h (*D*) in islets from donors with ND and T2D with normal body weight (ND, *n* = 4 donors; T2D, *n* = 5 donors) and obesity (ND, *n* = 4 donors; T2D, *n* = 5 donors). *E*: Total cell capacitance changes (ΣΔC~m~), reflecting exocytosis, evoked by a train of 10 500-ms depolarizations from −70 to 0 mV in β-cells from donors with ND (*n* = 9 cells from 5 donors) and T2D (*n* = 7 cells from 3 donors) with high BMI (BMI ≥29 kg/m^2^). All data were normalized to the cell size by the measured whole-cell capacitance (C~s~). The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05; \*\**P* \< 0.01. fF, femtofarad; hr, hour; pF, picofarad.](db190944f1){#F1}

Differential Islet CD36 Expression Between Donors With T2D and ND With Obesity {#s19}
------------------------------------------------------------------------------

We next compared gene expression levels of FA transporters (CD36 and SLC27 family) in RNA-seq data of human pancreatic islets deposited in the Gene Expression Omnibus (GSE50398 and GSE108072) to investigate the role of facilitated FA uptake for defective insulin secretion observed in the islets of donors with T2D and obesity ([Fig. 2*A*](#F2){ref-type="fig"} and [Supplementary Fig. 2](https://doi.org/10.2337/db20-4567/suppl.11965530)). Differences were observed in *CD36* and *SLC27A3* expression between ND (HbA~1c~ \<6% \[42 mmol/mol\]) and impaired glucose tolerance (IGT)/T2D (HbA~1c~ ≥6.0% \[42 mmol/mol\] or those previously diagnosed with T2D) among donors with obesity. Within the group of FA transporters, *CD36* was the most abundantly expressed in human islets. Interestingly, CD36 expression was lower in islets from the obese donors with ND as compared with the other three groups. We further validated the RNA-seq findings by Western blot analysis of human islets. CD36 protein expression in islets from obese donors with T2D was 70% higher than that in islets from obese donors with ND ([Fig. 2*B* and *C*](#F2){ref-type="fig"}). We also confirmed CD36 protein expression in human β-cells using confocal microscopy ([Fig. 2*D*](#F2){ref-type="fig"}). A semiquantitative analysis of the confocal images suggests that CD36 is expressed equally in the cytosol and on the plasma membrane ([Supplementary Fig. 3](https://doi.org/10.2337/db20-4567/suppl.11965530)). A flow cytometry analysis further revealed that CD36 is localized on the outer surface of the plasma membrane ([Fig. 2*E* and *F*](#F2){ref-type="fig"}).

![Expression of CD36 in human pancreatic islets. *A*: *CD36* mRNA levels in islets from donors with ND (HbA~1c~ \<6.0%) and IGT/T2D (HbA~1c~ ≥6.0%) with normal body weight (BMI \<25 kg/m^2^; ND, *n* = 39 donors; IGT/T2D, *n* = 29 donors) and with obesity (BMI ≥30 kg/m^2^; ND, *n* = 12 donors; IGT/T2D, *n* = 19 donors). The box extends from the 25th to 75th percentiles. The line in the middle of the box is plotted at the median. The whiskers go down to the smallest value and up to the largest. CD36 protein levels (*B*) and the Western blotting bands (*C*) in islets from donors with ND and T2D with normal body weight (ND, *n* = 4 donors; T2D, *n* = 5 donors) and with obesity (ND, *n* = 4 donors; T2D, *n* = 5 donors). The total protein images obtained using the Stain-Free technology are shown as a loading control (Loading). *D*: Immunocytochemical images of CD36 (green) expression in insulin-positive (red) islet cells from two different human donors. Scale bars, 5 µm. *E* and *F*: Flow cytometric analysis of human islet cells. Pancreatic islets were dissociated into a single cell suspension and extracellularly stained for CD36 (APC) followed by intracellular staining for insulin (Alexa 488) and glucagon (phycoerythrin \[PE\]). Insulin-positive glucagon-negative cells within a green square were defined as β-cells (*E*), and the β-cell surface CD36 (APC) expression was analyzed with anti-CD36 antibody (purple) and isotype control (gray) (*F*). The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05. CPM, counts per million.](db190944f2){#F2}

CD36 Impairs Exocytosis by Inhibiting Granule Docking in β-Cells {#s20}
----------------------------------------------------------------

To evaluate the mechanisms by which CD36 effects insulin secretion, we investigated insulin secretion in INS-1 cells carrying a Tet-on system for CD36 overexpression ([@B25]). Doxycycline induced CD36 expression dose dependently ([Supplementary Fig. 4*A*](https://doi.org/10.2337/db20-4567/suppl.11965530)), and the induced CD36 protein was located on the plasma membrane ([Fig. 3*A*](#F3){ref-type="fig"}). We observed reduced glucose-stimulated insulin secretion (∼40%) in INS-1 cells at 72 h after the induction of CD36 compared with control ([Fig. 3*B*](#F3){ref-type="fig"}). Likewise, membrane depolarization by K^+^ showed reduced insulin secretion by ∼30% in CD36-overexpressing cells ([Fig. 3*C*](#F3){ref-type="fig"}). CD36 overexpression did not change cellular insulin content ([Supplementary Fig. 4*B*](https://doi.org/10.2337/db20-4567/suppl.11965530)). Capacitance measurements on single cells using the patch-clamp technique ([Fig. 3*D*](#F3){ref-type="fig"}) revealed that exocytosis, evoked by a train of 10 depolarizations (Σ~all~), was reduced by ∼25% in CD36-overexpressing cells, which did not reach significance due to endocytosis evoked by the latter depolarizations ([Fig. 3*E*](#F3){ref-type="fig"}). The reduction in membrane capacitance increase was more prominent (and reached significance) during the first two depolarizations (Σ~1--2~), reflecting rapid exocytosis of docked and primed granules ([Fig. 3*E*](#F3){ref-type="fig"}). The reduced exocytosis was not a cause of changes in the inward Ca^2+^ current ([Fig. 3*F*](#F3){ref-type="fig"}).

![Insulin secretion and exocytosis in CD36-overexpressing INS-1 cells. *A*: Immunocytochemical images of CD36 (green) in INS-1 cells without (DOX−) or with doxycycline-induced CD36 overexpression (DOX+). Na^+^-K^+^ ATPase (orange) was stained for a plasma membrane marker. Scale bars, 5 µm. Insulin secretion at 2.8 mmol/L or 16.7 mmol/L glucose for 1 h (*B*) and at 2.8 mmol/L glucose with 50 mmol/L K^+^ for 15 min (*C*). *N* = 5 for each group. Representative cell capacitance changes evoked by a train of 10 500-ms depolarizations from −70 to 0 mV (*D*) and the sum of capacitance increase (ΔC~m~) in response to the depolarization pulses of the train (*E*). *N* = 13 to 14 cells for each group. *F*: Inward Ca^2+^ currents evoked by depolarizations. Current (I)--voltage (V) relationship for the peak Ca^2+^ currents. *N* = 15 to 16 cells for each group. The *P* values were determined by repeated-measures one-way ANOVA followed by Tukey honest significant difference (*B*) and Student two-tailed *t* test (paired for *C* and unpaired for *E*). \**P* \< 0.05, \*\**P* \< 0.01 vs. DOX− under the same condition; \#\#*P* \< 0.01 vs. 2.8 mmol/L glucose for each group (DOX− or DOX+). fF, femtofarad; hr, hour; pA, picoampere.](db190944f3){#F3}

We next performed transmission electron microscopy ([Fig. 4*A*](#F4){ref-type="fig"}) to estimate the granule volume density per cell (N~v~) and the surface density per cell (N~s~), which are proportional to the total number of granules and the number of docked granules, respectively ([@B24]). While the total number of granules within the cells was not affected by CD36 overexpression ([Fig. 4*B*](#F4){ref-type="fig"}), the number of granules within 100 nm from the plasma membrane, regarded as the docked granule pool, was significantly reduced ([Fig. 4*C* and *D*](#F4){ref-type="fig"}). We found expression of exocytotic genes *Snap25* and *Vamp2* to be downregulated by CD36 overexpression ([Fig. 4*E*](#F4){ref-type="fig"}). Moreover, the downregulation of *Stxbp1* was almost significant (*P* = 0.057). CD36 overexpression significantly reduced STXBP1 and SNAP25 protein levels ([Fig. 4*F*](#F4){ref-type="fig"}).

![Insulin granule localization and exocytotic protein levels in CD36-overexpressing INS-1 cells. *A*: Electron micrographs of INS-1 cells without (DOX−) or with doxycycline-induced CD36 overexpression (DOX+). Original magnification ×6,000 (left) and ×43,000 (right). *B*--*D*: Granule-distribution analyses on the electron micrographs. N~v~ (*B*) and N~s~ (*C*) were measured as volume density and surface density, respectively. The granules for which the center was located within 100 nm (a half-length of the mean granule diameter) from the plasma membrane were defined as docked. Relative distribution of granules at shown distance intervals from the center of granule to the plasma membrane is shown in *D*. The distance shown in the *x*-axis is the upper border of each fraction. *N* = 34--38 cells for each group. *E*: mRNA expression levels of exocytotic genes. The expression levels were normalized to *Ppia* and *Hprt*. *N* = 6 for each group. *F:* Western blot analysis of exocytotic proteins. The total protein images obtained using the Stain-Free technology are shown as a loading control (Loading). *N* = 4 for each group. The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](db190944f4){#F4}

CD36 Suppresses the Insulin Receptor Substrate/Phosphatidylinositol 3-Kinase/AKT Signaling Pathway {#s21}
--------------------------------------------------------------------------------------------------

Several reports suggest that exocytotic gene and protein expression in β-cells is tightly regulated by the insulin-signaling phosphatidylinositol 3-kinase (PI3K)/AKT pathway and its downstream target transcription factors (e.g., FoxO1) ([@B26],[@B27]). We therefore examined the insulin-signaling PI3K/AKT pathway in CD36-overexpressing cells. While there were no changes in insulin receptor β protein levels ([Fig. 5*A*](#F5){ref-type="fig"}), downstream insulin receptor substrate (IRS) 1 and IRS2 protein levels were reduced in CD36-overexpressing cells ([Fig. 5*B*](#F5){ref-type="fig"}). Next, we found reduced phosphorylation at Ser473 of AKT ([Supplementary Fig. 4*C*](https://doi.org/10.2337/db20-4567/suppl.11965530)), a key regulatory molecule of the insulin-signaling pathway, indicating AKT inactivation. The AKT phosphorylation stimulated by exogenous insulin was also blunted by CD36 overexpression ([Fig. 5*C*](#F5){ref-type="fig"}). This will result in retention of the transcription factor FoxO1 in the nucleus ([@B28],[@B29]). FoxO1 is known as a potent transcriptional repressor of several exocytotic genes, including *Snap25* ([@B26]). Indeed, CD36 overexpression led to a significant increase in nuclear localization of FoxO1 ([Fig. 5*D* and *E*](#F5){ref-type="fig"}).

![Analysis of insulin-signaling cascade in CD36-overexpressing INS-1 cells. Protein levels of insulin receptor β subunit (IRβ) (*A*) and IRS1 and IRS2 (*B*) in INS-1 cells without (DOX−) or with doxycycline-induced CD36 overexpression (DOX+). Normalization factor was used to adjust the target band intensity. *N* = 4 for each group. *C*: Phosphorylation levels of AKT Ser473 (pSer473) under a short-term (10-min) stimulation of insulin with various doses (1 and 10 nmol/L). Phosphorylated protein signals were normalized to the total protein levels. *N* = 4 for each group. *D*: Immunocytochemical analysis of FoxO1 (red) localization. Nuclei were stained with DAPI (blue). The bar graph shows nuclear FoxO1 fluorescence intensity normalized to the whole-cell intensity. Scale bars, 5 µm. *N* = 21 cells for each group. *E*: Western blot analysis of cytoplasmic (Cyt) and nuclear (Nuc) protein levels of FoxO1. *N* = 4 for each group. The total protein images obtained using the Stain-Free technology are shown as a loading control (Loading). The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05, \*\*\**P* \< 0.001 vs. DOX− under the same condition; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. cells without the stimulation of insulin (0 nmol/L) for each group (DOX− or DOX+).](db190944f5){#F5}

CD36 Downregulates IRS1 Through Activation of Novel Protein Kinase C {#s22}
--------------------------------------------------------------------

To address the mechanism underlying the IRS downregulation in CD36-overexpressing cells, we evaluated *Irs1* and *Irs2* gene expression. In accordance with a previous report that FoxO1 in the nucleus can directly suppress *Ins2* gene expression by binding the *Irs2* promoter ([@B30]), *Irs2* gene expression was downregulated in CD36-overexpressing cells ([Fig. 6*A*](#F6){ref-type="fig"}). However, *Irs1* transcript was not altered by CD36 overexpression in contrast to the reduced protein level ([Figs. 5*B*](#F5){ref-type="fig"} and [6*A*](#F6){ref-type="fig"}), suggesting that CD36 overexpression downregulates IRS1 protein in a different way from IRS2. Because intracellular lipid accumulation has been suggested to promote IRS1 protein degradation through the activation of IκB kinase or protein kinase C (PKC) ([@B31],[@B32]), we investigated phosphorylation of IRS1 at Ser307 and Ser612, phosphorylation targets of IκB kinase and PKC, respectively ([@B33],[@B34]). In CD36-overexpressing cells, phosphorylation at Ser612 was increased, while no difference was observed at Ser307 as compared with the control cells ([Fig. 6*B*](#F6){ref-type="fig"}), suggesting that CD36-induced IRS1 degradation is likely dependent on PKC activation. Among various PKC isoforms, two novel subtype PKCs (nPKCs; i.e., PKCδ and PKCε) are postulated to have negative impacts on β-cell function ([@B35]--[@B37]). We therefore evaluated membrane translocation (and activation) of PKCδ and PKCε from the cytosol to the plasma membrane. CD36 overexpression caused a twofold increase in membrane-associated PKCε protein level ([Fig. 6*C* and *D*](#F6){ref-type="fig"}).

![Analysis of background mechanism underlying IRS downregulation in CD36-overexpressing INS-1 cells. *A*: mRNA expression levels of *Irs1* and *Irs2*. The expression levels were normalized to *Ppia* and *Hprt*. *N* = 6 for each group. *B*: Phosphorylation levels of IRS1 Ser307 (pSer307) and Ser612 (pSer612). Phosphorylated protein levels were normalized to the total protein levels. *N* = 4 for each group. Western blot analysis of cytoplasmic (Cyt) and membrane (Mem) protein levels of PKCδ (*C*) and PKCε (*D*). *N* = 3 for each group. The total protein images obtained using the Stain-Free technology are shown as a loading control (Loading). DOX− and DOX+ represent INS-1 cells without and with doxycycline-induced CD36 overexpression, respectively. The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05; \*\**P* \< 0.01. N.D., not determined.](db190944f6){#F6}

Blockade of CD36 Function Improves Granule Docking and First-Phase Insulin Secretion {#s23}
------------------------------------------------------------------------------------

Finally, we investigated if blockade of CD36 function can ameliorate insulin secretion and exocytosis in β-cells. For this, we used EndoC-βH1 cells, a clonal human β-cell line ([@B16]), expressing CD36 protein ([Supplementary Fig. 5](https://doi.org/10.2337/db20-4567/suppl.11965530)). Instead of a chemical CD36 inhibitor sulfo-*N*-succinimidyl oleate, which blunts β-cell function after 72 h of coincubation ([Supplementary Fig. 6](https://doi.org/10.2337/db20-4567/suppl.11965530)), we treated the cells with a CD36-neutralizing IgG antibody (FA6.125) reported to inhibit the known functions of CD36, including FA uptake ([@B38]). Treatment with the antibody significantly increased first-phase (15-min) insulin secretion at 20 mmol/L glucose ([Fig. 7*A*](#F7){ref-type="fig"}). Moreover, the antibody treatment significantly increased protein levels of STX1A, SNAP25, VAMP2, and STXBP1 ([Fig. 7*B*](#F7){ref-type="fig"}) and resulted in an increased number of docked granules ([Fig. 7*C*--*E*](#F7){ref-type="fig"}). Detailed analysis revealed that the increase in N~v~ is mainly due to an enlargement of the granule pool closer to the plasma membrane ([Fig. 7*F*](#F7){ref-type="fig"}), including the docked granules (N~s~) and the pool regarded as the "almost" docked granules ([@B39]). In parallel, increased IRS1/2 protein levels and downstream AKT activation were observed under the blockade of CD36 function ([Fig. 7*G* and *H*](#F7){ref-type="fig"}).

![Effects of anti-CD36--neutralizing antibody on EndoC-βH1 cell functions. *A*: Insulin secretion at 20 mmol/L glucose for 15 min (fold change, 20 mmol/L glucose vs. 1 mmol/L glucose). *N* = 4 for each group. *B*: Exocytotic protein levels. Normalization factor (the total reference lane protein/total target lane protein) is the correction factor used to calculate the adjusted volume of target band. *N* = 4 for each group. *C*--*F*: Granule-distribution analyses on the electron micrographs of EndoC-βH1 cells. Original magnification ×43,000 (*C*). N~v~ (*D*) and N~s~ (*E*) were measured as volume density and surface density, respectively. The granules for which the center was located within 120 nm from the plasma membrane (a half-length of the mean granule diameter) were defined as docked. Relative distribution of granules at shown distance intervals from the center of granule to the plasma membrane is shown in *F*. The distance shown in the *x*-axis is the upper border of each fraction. *N* = 20 cells for each group. *G*: IRS1 and IRS2 protein levels. *N* = 4 for each group. *H*: Phosphorylation levels of AKT Ser473 (pSer473). Phosphorylated protein signals were normalized to the total protein levels. *N* = 4 for each group. The total protein images obtained using the Stain-Free technology are shown as a loading control (Loading). The *P* values were determined by Student two-tailed *t* test (unpaired). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](db190944f7){#F7}

Discussion {#s24}
==========

We present in this study novel human islet data and delineate the signaling pathway in CD36-dependent effects on insulin secretion. Hence, we extend previous findings of CD36 on insulin secretion ([@B14],[@B25]). Our data show not only differential glucose-stimulated insulin secretion in islets but also a difference in β-cell exocytosis between donors with T2D and ND with obesity, suggesting that the process of exocytosis is involved in the regulation of insulin secretion capacity to compensate for insulin resistance in obesity. Indeed, CD36, which is differentially expressed in islets between donors with T2D and ND with obesity, impairs insulin secretion through the reduction of exocytotic proteins crucial for granule docking and priming in β-cells. This occurs through the downregulation of IRS1/2 and suppression of the insulin-signaling PI3K/AKT pathway and following nuclear retention of FoxO1.

One of the main functions of CD36 is a facilitated influx of long-chain FAs (LCFAs) across the plasma membrane ([@B40]). LCFA-induced β-cell dysfunction is well established ([@B41],[@B42]), and long-term palmitate exposure of islets impairs exocytosis by dissociating Ca^2+^ channels from secretory granules ([@B9]). In contrast, CD36 overexpression inhibited exocytosis through the reduction of exocytotic protein levels and subsequent impairment of granule docking. Hence, defective exocytosis caused by CD36 is most likely a consequence of a different cellular mechanism than previously described as β-cell lipotoxicity. CD36 actually can bind not only LCFAs but also other ligands including phospholipids, ceramide, and lipoproteins ([@B40]). Considering the finding that CD36 overexpression could activate diacylglycerol (DAG)--dependent nPKCs (PKCε), FAs or other glycerolipids used for DAG synthesis are possible candidates to initiate the cellular cascade resulting in reduced exocytotic protein levels through CD36. Several studies have demonstrated the role of Fox family transcription factors on the regulation of exocytosis-related gene expression in β-cells ([@B26],[@B43]). As FoxO1 is an established target of the insulin-signaling PI3K/AKT pathway, inhibition of the pathway actually reduces exocytotic gene and protein expression, as shown in previous studies ([@B26],[@B27],[@B44]). Not only FoxO1 but also other unknown transcription factors downstream of the PI3K/AKT pathway have been suggested to regulate exocytotic gene expression (e.g., constitutively active AKT \[GagAkt\] increased the expression of multiple exocytotic genes) ([@B26]). Furthermore, CD36-mediated LCFA influx may induce intracellular ceramide accumulation by its de novo synthesis, which has been reported to cause AKT inactivation in β-cells ([@B45]). It has also been suggested that extracellular ceramide-induced AKT inactivation is dependent on a CD36-initiated inflammatory signaling cascade in β-cells ([@B46]). These previous findings support the model in which CD36 participates in exocytotic protein reduction through the suppression of the insulin-signaling PI3K/AKT pathway and its downstream transcription factors ([Fig. 8](#F8){ref-type="fig"}).

![Model describing the possible involvement of CD36 in β-cell granule docking and exocytosis. CD36-mediated facilitation of lipid influx (including FAs) increases intracellular DAG, which leads to the translocation of nPKCs to the plasma membrane (activation of nPKCs). The activated nPKCs elicit abnormal phosphorylation of IRS1 and consequently attenuate PI3K/AKT signaling. The following retention of FoxO1 in the nucleus results in the transcriptional inhibition of Irs2 and exocytotic genes, which in turn impairs granule docking and priming with impaired exocytosis of insulin granules and reduced insulin secretion in β-cells as a consequence. β-Ox, β-oxidation; InsR, insulin receptor; TAG, triacylglycerol.](db190944f8){#F8}

Are our findings relevant for human T2D? We and others have earlier shown that reduced expression of exocytotic genes in islets occurs in T2D ([@B17],[@B19],[@B47]). In addition, restoration of exocytotic proteins in human β-cells could improve granule docking and exocytosis ([@B19]). These data are in line with possible in vivo effects of CD36 on first-phase insulin secretion, because it has been suggested that the reduced first-phase insulin secretion in T2D is due to the reduced pool of docked and primed insulin granules ([@B48]). Considering the overall roles of CD36 for insulin secretion as shown in the current study, obese individuals who have higher CD36 expression in β-cells may have a lower insulin secretion capacity due to exocytotic defects and consequently might be more prone to develop T2D. Such speculation could be partly supported by the finding that CD36 expression in β-cells has been upregulated prior to the incidence of T2D, as there was no difference in *CD36* gene expression between IGT and T2D islets of obese donors in the RNA-seq study ([Supplementary Fig. 7](https://doi.org/10.2337/db20-4567/suppl.11965530)). In contrast, lower CD36 expression in β-cells might be advantageous to avoid T2D. The finding that obese donors with lower CD36 expression in islets seem to be protected against T2D encouraged us to test the therapeutic potential of CD36 functional blockade to improve β-cell function, especially exocytosis. The EndoC-βH1 cell line closely resembles human β-cells, especially in stimulus-secretion coupling ([@B49]). The cell line is also regarded as an appropriate screening platform for novel drug candidates for diabetes ([@B50]). We could detect CD36 protein in EndoC-βH1 cells, and the blockade of CD36 function on the cells led to increased exocytotic protein levels, improved granule docking, and enhanced first-phase insulin secretion. We believe the blockage of CD36 function could be an attractive approach to improve insulin secretion, especially in obesity-related T2D. A further study to test the CD36-neutralizing antibody on human islets of obese donors with T2D is warranted as the next step.

The importance of insulin signaling for β-cell function, especially in early phase insulin secretion, was previously demonstrated in β-cell--specific insulin receptor--deficient mice ([@B51]). However, a key molecule responsible for modulating β-cell insulin signaling in T2D has not been investigated previously. Intriguingly, the proposed mechanism to suppress β-cell insulin signaling by CD36 is considered similar to other insulin target organs ([@B15],[@B52]), but the outcomes are unique to β-cells (i.e., defective exocytosis and reduced first-phase insulin secretion). CD36, therefore, may be a common denominator linking the two major etiologies of T2D (i.e., insulin resistance and defective insulin secretion). Taken together, our findings further highlight the pathogenic role of β-cell CD36 in the development of T2D, especially in relation to obesity.

This article contains supplementary material online at <https://doi.org/10.2337/db20-4567/suppl.11965530>.
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